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Abstract
Progress of the superconducting accelerator dipole and quadrupole magnet 
development at KEK is discussed. A new superconducting beam line project 
at J-PARC project is introduced, as well as a Nb3Sn magnet for the focusing 
of a neutron beam, a Nb3Sn solenoid for pion capture, and basic development 
of Nb3Sn and Nb3Al conductors.
1. INTRODUCTION
Superconducting accelerator/beam-line magnet technology at KEK has progressed steadily since a 
superconducting beam line, π1, was constructed as the first superconducting magnet application at the 
KEK 12 GeV proton synchrotron. Two large-bore dipoles and a septum magnet were developed and 
successfully operated [1-3].  This application provided an opportunity to gain practical experience in 
parallel with in-house R&D on dipoles for a possible superconducting synchrotron at KEK [2, 4, 5]. 
Although it was later decided to build the synchrotron as an electron machine (TRISTAN), using 
normal conducting magnets, the work provided a strong basis for further progress on superconducting 
magnets at KEK, such as the low-beta insertion quadrupole magnet system for TRISTAN [6, 7].  This 
effort continued with R&D work on the SSC dipole [8] and the design and fabrication of the low -beta
insertion quadrupole and corrector system for KEK-B [9]. It is interesting to recall that a unique block-
coil dipole, designed to reach 10 T using NbTi conductor at 1.9 K, was also developed at KEK in the 
early 1980s [2, 10].
Cooperative work for the CERN/LHC magnets was started in 1989, and dipole models with 
15 mm wide superconducting cable and using stainless-steel collars were successfully developed to 
reach 10.3 T [11-13]. Development of quadrupole magnets for the low-beta insertions has been carried 
out since 1995 [14-17]. The 6.3 m long, 70 mm bore magnet is designed to operate at up to 215 T/m in 
superfluid helium at 1.9 K.  Following detailed prototype work at KEK the production of the magnets 
was entrusted to Toshiba, which recently completed the series of 19 units. This whole series of 
magnets was tested in a purpose-built 7 m long vertical cryostat at KEK [18].  KEK has undertaken to 
provide 16 of the 32 magnets required for the four interaction regions at the LHC [19]. They are being 
integrated into cryostats at Fermilab, which is providing the other 16 quadrupole units and the cryostat 
systems.  In addition to the technical challenge, this project has provided the KEK team with the 
opportunity to gain experience in multi-national collaboration in state -of-the-art superconducting magnet 
technology.
Table 1 summarizes the progress of the superconducting magnet development at KEK, and 
Fig. 1 shows cross-sections of some of the dipoles and quadrupoles that were built. The Tristan-QCS
and the KEK-B magnets were built to run within the field of the detector solenoid, and were therefore 
not equipped with iron yokes. It can be seen that KEK has acquired particular expertise in the 
development of magnets with relatively large aperture, and in Figs. 2 and 3 achieved field as a function 
of aperture is compared with that of magnets produced elsewhere.
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Table 1 
History of Accelerator Magnet Development at KEK 
SC Temp (K) Coil config. Aperture (mm) Design Tested Year
Dipoles: (T)
π1 Dipole NbTi 4.2 Cos θ 270 4.0 3.8 1980
π1-Septum NbTi 4.2 Current Sheet 16x134 1.6 1.8 1981
Tristan NbTi 4.2 cos θ 5 5 1980
1.8 6.8 1980
SSC NbTi 4.2 cos θ 40 6.6 6.8 1985
10T-Dipole NbTi 1.9 Block 63 10 9.3 1984
LHC (50mm) NbTi 1.9 cos θ 50 10 10.3 1991
LHC (56 mm) NbTi 1.9 cos θ 56 8.4 9.6 1993
Quadrupoles: (T/m)
Panofsky NbTi 42 Current Sheet 430x125 15 13.9 1981
Tristan-QCS NbTi 4.2 cos 2θ 140 70 87 1988
Tristan-QCS-I NbTi 1.9 cos 2θ 140 114 114 1996
KEK-B NbTi 4.2 cos 2θ 260 21.7 24 1997
LHC-MQXA -
1m
NbTI 1.9 cos 2θ 70 215 250 1997
LHC-MQXA NbTi 1.9 cos 2θ 70 215 230 2001
Fig. 1  Dipoles and low -beta insertion quadrupole magnets developed at KEK: (a) Block dipole,
              (b) LHC dipole model, (c) Tristan-QCS, (d) KEK0B IRQ, and (f) LHC IRQ (MQXA).
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2. SUPERCONDUCTING MAGNETS FOR THE J-PARC PROJECT
A superconducting proton beam line is to be built for the Tokai-to-Kamioka (T2K) neutrino experiment 
at the J-PARC facility presently under construction [20, 21].  The primary proton beam extracted from 
the 50 GeV synchrotron needs to be bent by 87 degrees to direct the neutrino beam to Kamioka, 
290 km west of the J-PARC site in Tokai.  The beam optics and magnet design were optimized for 
maximum cost effectiveness, as a result of which a combined function magnet system is proposed [22, 
23]. This uses 28 magnet units of a single type, providing dipole and quadrupole fields in the same bore 
by use of a left/right asymmetric, one -layer coil.  Table 2 gives the design parameters of this magnet 
and its cross-section is shown in Fig. 4.  The design features a coil aperture large enough to
accommodate the beam halos, in order to avoid eventual associated quenching. The single layer 
asymmetric coil is wound with NbTi/Cu superconducting cable, as shown in Fig. 5.  Pre-stress is 
applied by a collaring yoke via a phenolic spacer. A full-scale prototype magnet is being developed and 

































































Fig. 3  Quadrupole field as a function of aperture.
Table 2
Main parameters of the dipole-quadrupole combined 
function magnet for J-PARC
Beam Energy 50 GeV
Dipole field 2.586 T
Quadrupole field 18.62 T/m
Magnetic length 3.3 m
Operation current 7,345 A
Operating temperature < 5 K
Load line ratio 72 %
Inductance 14 mH
Stored energy 386 kJ
Fig. 4  Cross-section of the J-PARC combined function magnet.
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3. BASIC R&D FOR FUTURE PROGRAMS
3.1 Advanced superconductor development
The next generation of high-energy proton accelerators will require magnets in which the field in the 
winding is more than 10 T.  Moreover, the nature of these magnets is such that it will be necessary to 
use conductors having a current density of over 2 000 A/mm2 at 12 T in the superconductor. The 
stability of strands and the ability to produce them reliably in production runs are also very important, as 
is the necessity of reasonable production cost. We have been developing a new approach to the 
realization of high quality Nb3Sn superconductor, in order to render it more homogeneous, yet with 
similar reaction conditions. Reduction of the bronze area in the conductor is effective to increase the 
overall current density. A new configuration of niobium and tin, the so-called distributed tin (DT) 
method [24], has been developed in cooperation with Mitsubishi Electric, Japan, to achieve the above 
requirement.  The tin areas are uniformly distributed among bundles of thin niobium filaments. This 
configuration provides a high superconductor occupation ratio by using sophisticated processing. Tin 
diffuses more easily into every niobium filaments than with the conventional internal tin or pipe method, 
because the niobium filaments are thin and the diffusion path is always kept open. Figure 6 shows the 
cross section of such a DT conductor.  A test fabrication of the DT conductor has been successfully 
performed and a current density of 2100 A/mm2 at 12 T has been achieved [24]. We expect even 
higher current densities when the heat treatment procedure will have been fully optimized.
Nb3Al superconductor has better strain tolerance and higher Jc potential than Nb3Sn conductor, 
and has been investigated for future accelerator magnets in collaboration with National Institute for 
Materials Science, NIMS and Hitachi Cables and Wires. Several test wires of around 0.8mm
diameter, which have relatively small filament diameter (~50 micron) and low matrix ratio (~1.0), have 
been fabricated, and the heat treatment and area reduction conditions after a rapid quenching process 
have been studied [25]. Figure 7 shows the cross section of the Nb3Al conductor. The highest non-
copper Jc achieved during this study was about 1740 A/mm
2 at 10 T and 4.2 K, as shown in Fig. 8.
This is ongoing work, and further improvements can be expected through the optimization of (i) Nb to 
Nb3Al ratio, (ii) filament diameter, (iii) filament numbers, (iv) heat treatment ( to be adapted to the 
maximum field in the range of 12 – 20 T at which the conductor is to be used), and (v) grain size.
Fig. 5  Test winding at KEK of the left/right asymmetric coil for the combined function 
magnet for the J-PARC neutrino experiment.
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3.2 Nb3Sn superconducting sextupole magnet development
As a basic R&D program associated with the intense cold-neutron beam to be realized at the J-PARC
facility, a Nb3Sn superconducting sextupole magnet is being developed. The magnet is needed to focus 
the cold-neutron beam, this function being provided via the interaction between the neutron magnetic 
dipole moment and the external inhomogeneous magnetic field [26]. The main parameters of the 
superconducting coil and conductor are given in Table 3, and a cross-section of the coil is shown in 
Fig. 9. The requirement for a non-linear field gradient in a large aperture leads to a very high magnetic 
field in the coil. For this reason the magnet, which is foreseen to be bath-cooled in liquid helium, must 
be based on the use of Nb3Sn or Nb3Al superconductor.


































Fig. 8  Current density of Nb3Al and Nb3Sn conductor as a function of magnetic field.
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3.3 Superconducting solenoid for pion capture
A high intensity secondary beam with Phase Rotation, PRISM [27,28], is proposed as a unique facility 
to be built at the J-PARC facility. Figure 10 shows a tentative general layout of the PRISM facility. 
The major goal is to provide an intense low energy muon flux of 1011 – 12 per second, which will be 
several orders of magnitude higher than that ever achieved previously.  This will open up new 
possibilities for particle physics, in particular the study of Lepton-Flavor Violation (LFV) through the 
process of rare muon decay, with a sensitivity of 10–18 in the branching ratio[27].  The high-field
superconducting magnet is required to capture the pions in the secondary beam with maximum 
efficiency.
Table 3
Main parameters of the Nb3Sn sextupole magnet
Coil inner radius 23 mm
Length 500 mm
Sextupole field 12,7890 T/m2
Max. field in winding 8.75 T
Current 1,000 A
Jc in winding 580 A/mm
2
Superconductor:
   Material (company) Nb3Sn  (SMI)
   Diameter 1.0 mm
   Copper ratio 0.45
   No. filaments 192
   Filament pitch 25 mm
Insulation T-glass (0.075 mm x 2)
Fig. 10  Concept of PRISM.
Fig. 9  Cross-section of the Nb3Sn sextupole, with flux 
lines.
Fig. 11. Pion yield as a function of field.
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It is well known that a solenoidal field is very efficient to capture secondary particles generated 
at a production target in a primary proton beam [29].  The maximum transverse momentum of the 
captured secondary particle (P t) is given by Pt (GeV/c) = 0.3 x B(T) x R/2 (m), where B is the 
solenoidal magnetic field, and R is the effective aperture radius of the solenoidal field. For a critical 
transverse momentum of 0.09 GeV/c in the present configuration, the necessary multiple of bending 
power and radius, B x R, is 0.6 T.m.  The useful aperture is 5 cm, so a field of 12 T is desirable [30].
Figure 11 shows pion yield as a function of the solenoidal field.  Nb3Sn or Nb3Al superconductor will be 
a prime candidate for the coil of such a magnet, required ideally to operate well beyond 10 T and 
subjected to intense radiation emanating from the interaction of the 1 MW primary proton beam with 
the production target. The target will be located in the bore of the pion capture solenoid.
4. SUMMARY AND CONCLUSION
Progress in the development of superconducting accelerator dipole and qua drupole magnets at KEK is 
presented. A field of 10 T at 1.9 K has been achieved in the NbTi based superconducting magnets, and 
these are now reaching the ultimate performance which can be envisaged using this material.  A new 
superconducting beam line project for J-PARC is presently a major development activity.  After careful 
study to minimize the cost of the project, it has been decided to use superconducting combined function 
magnets with the maximum field of 4.7 T in the large diameter, asymmetric coil.   Development of high 
field magnets requiring A15 superconductors is being carried out in two other projects: a pion capture 
solenoid, for PRISM, and a sextupole magnet for neutron focusing. In parallel we also continue basic 
R&D on Nb3Sn and Nb3Al, the target performance being 3000 A/mm
2 at 12 T.
In addition to its expertise, KEK has accumulated significant hardware infrastructure for the 
development and testing of superconducting magnets of the type used in accelerators. The 7 m long 
vertical test cryostat cited earlier is unique in the world, and this is housed in a dedicated building in 
which 6.5 m long magnets can be conveniently manipulated. In addition to a well-equipped machine 
shop, the laboratory also possesses winding tables, presses and ovens for the efficient fabrication of 
test coils and prototypes. KEK has often worked in partnership with industry in Japan and is fully 
familiar with how to deal with the specification and contractual details of this aspect of the  work. Our 
laboratory should therefore be well-placed to make a significant contribution to the high field magnet 
program that is the subject of this workshop.
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